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The Monsoons have always been a focus of great interest to CLIVAR, and this was further 
enhanced in 2015 when there was a reorganization of monsoon research efforts within the World 
Climate Research Programme (WCRP). Prior to 2015, CLIVAR used to have three separate regional 
panels on the topic, each focused on a specific geographical area dominated by monsoons: the 
Americas, Africa, and the Asian-Australian region. However, it has been recognized that the 
monsoons around the globe have many common elements and that overall progress in our 
scientific understanding of the monsoons would benefit from an active interaction of individuals 
and groups that study these various regional monsoons. Furthermore, the efforts of the Global 
Water and Energy Exchanges (GEWEX) project of the WCRP are highly relevant to the terrestrial 
and hydro-thermodynamic aspects of monsoons. As a result, a single Monsoons Panel spanning 
both CLIVAR and GEWEX was formed with membership drawn from both communities. To 
highlight this milestone, a special issue of the CLIVAR Exchanges magazine focusing on the 
monsoons was produced (see http://clivar.org/documents/exchanges-66). At the same time, the 
International CLIVAR Monsoon Project Office (ICMPO) was established at the Indian Institute of 
Tropical Meteorology (IITM) of the Ministry of Earth Sciences under an agreement between 
WCRP and IITM approved by the Government of India.  ICMPO has since been providing dedicated 
support to the activities of the Monsoons Panel.  
 
Much progress has been made during these last five years and thus we believe it is very timely 
that the Monsoons Panel, with active support by the ICMPO,  coordinates the production of two 
ǇǳōƭƛŎŀǘƛƻƴǎΥ ƻƴŜ /[L±!w 9ȄŎƘŀƴƎŜǎ ǎǇŜŎƛŀƭ ƛǎǎǳŜ όŦƻŎǳǎƛƴƎ ƻƴ ǘƘŜ LƴŘƛŀΩǎ aƻƴǎƻƻƴ aƛǎǎƛƻƴύ ŀƴŘ 
one GEWEX Quarterly special issue (focusing on global aspects of the Monsoon System). 
 
India is blessed with two monsoons, Southwest monsoon during June to September and 
Northeast monsoon during October-December.  Monsoons affect the Indian people in every 
aspect of their lives. From ancient history to modern times, it has controlled their everyday 
existence. Adequate and timely monsoon rains is very crucial for providing drinking water, 
farming operations, water resources (reservoir) management, generation of hydro power etc. 
aƻƴǎƻƻƴ ǾŀǊƛŀōƛƭƛǘȅ ŜǾŜƴ ƛƴŦƭǳŜƴŎŜǎ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŜŎƻƴƻƳȅΦ ! ǎŜǾŜǊŜ Ƴƻƴǎƻƻƴ ŘǊƻǳƎƘǘ Ŏŀƴ Ǉǳƭƭ 
Řƻǿƴ LƴŘƛŀΩǎ D5t even up to 2%. Indeed, the Indian summer monsoon was the target of the very 
first science-based seasonal forecast in the world, with the attempt by Blanford (1884)1 to 
ŦƻǊŜŎŀǎǘ Ƴƻƴǎƻƻƴ ǊŀƛƴŦŀƭƭ ōŀǎŜŘ ƻƴ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ άǾŀǊȅƛƴƎ ŜȄǘŜƴǘ ŀƴŘ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ 
Himalayan snows exercise a great and prolonged influence on the climate conditions and weather 
ƻŦ ǘƘŜ Ǉƭŀƛƴǎ ƻŦ ƴƻǊǘƘǿŜǎǘ LƴŘƛŀέΦ ¢ƘǳǎΣ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ Ƴƻƴǎƻƻn prediction for socio-economic 
applications was recognized quite early but understanding its variability across a wide range of 
time and space scales and providing reliable predictions remains a challenge even today, despite 
many scientific and technological advances.  Recognizing the urgent need for improving monsoon 
prediction capabilities in the country in a systematic and timely manner, the Government of India 
had launched an ambitious and well-resourced research programme on Mission mode, called the 
Monsoon Mission. The first phase of the mission was implemented during 2012-2017 and the 
second phase which started in 2017 is underway. Through this mission, India also augmented its 
capability of High-Performance Computing (HPC), which is close to 10 petaflops now.  
 

 
1 Blanford, H.F., 1884: On the connection of Himalayan snowfall and seasons of drought in India. Proc. R. Soc. London, 37, 3-22. 

http://clivar.org/documents/exchanges-66
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The main objective of the Monsoon Mission was to improve monsoon forecasts in all time scales, 
right from short-range to seasonal.  By recognizing the massive quantum of work involved in 
improving monsoon forecasts, the Indian Government decided to adopt a mission mode 
approach to mobilize and motivate technical expertise from scientists working in academic and 
research institutes from India and abroad in a well-coordinated manner. There was an excellent 
response from the academic community. In total, 30 research projects were sanctioned during 
the first phase and 20 projects in the second phase.  The most important milestone under the 
Monsoon Mission was implementing the state-of-the-art dynamical prediction systems on all 
time scales, from short range to seasonal. India is now proud of having one of the best weather 
and climate prediction systems for generating real time forecasts and warnings. The second phase 
of the mission focuses on applications and prediction of extremes.   
 
A unique featuǊŜ ƻŦ LƴŘƛŀΩǎ aƻƴǎƻƻƴ aƛǎǎƛƻƴ ƛǎ ǘƘŀǘΣ ǘƘƻǳƎƘ Ŧǳƭƭȅ ŦǳƴŘŜŘ ŦǊƻƳ ƴŀǘƛƻƴŀƭ ǊŜǎƻǳǊŎŜǎΣ 
it has supported a significant number of international groups.  This has helped to create a win-
win situation, for the country to address its own priorities in collaboration with the international 
community, and the international community to gain access to resources to tackle some of the 
fundamental challenges in monsoon modelling which have implications for model fidelity even in 
other parts of the world.  If this approach can be emulated by other countries, resource 
mobilization for international research programmes, including the WCRP, can be greatly 
facilitated. 
 
In this special issue of the CLIVAR Exchanges ŦŜŀǘǳǊƛƴƎ άLƴŘƛŀΩǎ aƻƴǎƻƻƴ aƛǎǎƛƻƴέΣ ǿŜ ƘŀǾŜ 
included articles discussing various aspects of the Monsoon Mission.  A similar special issue of 
GEWEX Quarterly is also being brought out at the same time on the broader aspects of the 
monsoons around the world. This fits very well with the joining of forces by CLIVAR and GEWEX 
in coordinating monsoon research, through their joint Monsoons Panel. 
 
This special issue includes an article on basic challenges in monsoon prediction (Srinivasan), the 
methodology and salient results from the Monsoon Mission (Nanjundiah and Rao and Rao et al.) 
and their contributions to operational advances in short to medium range, extended range and 
seasonal forecasts (Mohapatra et al.), various societal applications developed under the mission 
(Sahai et al.), innovative coupled data assimilation methods (Da et al.) and Stochastic 
Parameterization (Khouider). Indira Rani et al. discuss the new high resolution (12 km) regional 
reanalysis data set developed under the mission. Turner outlines a joint Indo-UK funding 
framework in association with the Monsoon Mission for three monsoon-focused field campaigns, 
while Sengupta et al. discuss the salient aspects of a field campaign conducted over the Bay of 
Bengal to study ocean mixing processes. Srinivasan et al. discuss the Monsoon Mission 
contributions to regional climate information and services for South Asia. Krishnan et al. discusses 
the south Asian Monsoon Climate Change projections made using the Earth System Model 
developed in India. These articles together provide insights into the Monsoon Mission and tell 
the success story in devoting concerted efforts to improve monsoon forecasts in India and derive 
socio-economic benefits.  

 
 

Dr Madhavan Nair Rajeevan, Guest Editor for this special issue, is Secretary to Government of India, 
Ministry of Earth Sciences, New Delhi, India, and the Chairman of the Scientific Steering Committee of 
the Monsoon Mission.  He is also a member of the newly established Research Board of the World Me-
teorological Organization. 
 
Dr Jose Santos is the Executive Director of the International CLIVAR Project Office (ICPO), Qingdao, China, 
and the Chief Editor of CLIVAR Exchanges.
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1. Introduction 
The prediction of rainfall has been the main concern in tropics 
after the advent of agriculture. The long-range forecasting of 
the Indian summer monsoon rainfall was first attempted in 
the late 19th century after the droughts in India in 1877 and 
1878. The initial attempts were based on snow cover over the 
Himalayas in the spring. Later, Sir Gilbert Walker, Director 
General of India Meteorological Department (IMD) from 1904 
to 1924, developed a regression technique to relate the 
pressure fluctuations in the southern hemisphere in winter to 
the Indian summer monsoon rainfall. The methods proposed 
by Sir Gilbert Walker were however not accurate during 1921-
1940 because there were no droughts during this period. The 
success of these regression/statistical methods was limited 
because it was found that factors that influence the Indian 
monsoon rainfall tend to change on decadal scales.  
Regression methods were good at predicting normal 
monsoon but could not predict droughts reliably (except for 
2015). The regression methods were, however, able to 
predict the onset of monsoon over Kerala quite well (Pai and 
Rajeevan, 2009). 

2. Present Status 
After the advent of coupled ocean-atmosphere general 
circulation models there was an expectation that these 
models will be better than statistical methods for the 
prediction of seasonal rainfall, but this expectation has not 
been met so far. The presence of chaos makes the accurate 
prediction of seasonal rainfall a great challenge that can be 
partly overcome using ensemble mean. Weishemer and 
Palmer (2014) have argued that the forecast of seasonal 
rainfall over India can be marginally useful. Dynamical models 
are able to predict winds more accurately than rainfall. Hence 
some people have proposed a hybrid method. In this method, 
the general circulation models predict the wind and a 
statistical model correlates winds with rainfall. Pattanaik and 
Kumar (2015) have shown that the hybrid model increases 
the correlation coefficient by 50% when compared to the 
general circulation model for the prediction of Indian summer 
rainfall during the period 1982-2009. 

The short term forecast of monsoon rainfall (up to 3-4 days) 
has improved dramatically in recent years on account of 
higher spatial resolution and assimilation of large amount of 
satellite data. The improvements in forecast that have 
ƻŎŎǳǊǊŜŘ ǘƘǊƻǳƎƘ ǇǊƻƧŜŎǘǎ ǳƴŘŜǊǘŀƪŜƴ ƛƴ LƴŘƛŀΩǎ άaƻƴǎƻƻƴ 
aƛǎǎƛƻƴέ ƘŀǾŜ ōŜŜƴ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘƛǎ ǎǇŜŎƛŀƭ ƛǎǎǳŜΦ  ¢ƘŜǊŜ ƛǎ 
an improvement in the prediction of transition from active to 
break monsoon (Pattanaik et al., 2020).  In India, the 
evacuation of people based on accurate forecast of cyclone 

tracks has been demonstrated. Although the tracks of the 
cyclone are accurate, the same is not true for cyclone 
intensity. The prediction of monthly and seasonal monsoon 
rainfall has not been easy although the correlations have 
improved. The interannual variation of Indian monsoon 
rainfall is around 10% and hence predicting this variation is 
not easy. The root mean square error (RMSE) in the 
prediction of seasonal mean monsoon rainfall is very close to 
the observed interannual variation of monsoon rainfall in 
Ƴƻǎǘ ŎƭƛƳŀǘŜ ƳƻŘŜƭǎ ŀƴŘ La5Ωǎ ǎǘŀǘƛǎǘƛŎŀƭ ŦƻǊŜŎŀǎǘƛƴƎ ǎȅǎǘŜƳΦ 
If the RMSE of the seasonal forecast is comparable to 
interannual standard deviation of observed rainfall, then the 
seasonal forecast is of limited value.  

Hence one can argue that the seasonal prediction will be 
marginally useful. The forecast of seasonal mean rainfall has 
to be more accurate before it can be effectively used by policy 
makers. The improvement in seasonal forecasting will depend 
upon our understanding the dominant parameters that 
control monsoon rainfall based on heuristic models. 

The impact of greenhouse gases on monsoon has been 
studied well in view of the concerns regarding the impact of 
global warming on monsoons. Most climate models predict 
that monsoon will increase on account of an increase in the 
amount of water vapor in the atmosphere and increase in 
rainfall in northern hemisphere will be more than that in the 
southern hemisphere. There is wide variation with regard to 
the amount of increase predicted by different models 
because the models indicate a different impact on circulation 
changes. The major discrepancies between different climate 
models occur on smaller spatial scales. For example, climate 
models with high spatial resolution indicate that an increase 
in carbon dioxide will increase rainfall over most of India but 
decrease it over Kerala (Rajendran et al.,2012). This feature is 
not seen in models with low resolution because they are not 
able to simulate accurately orographic rainfall over Kerala. 

The impact of aerosols on short term forecast and long-term 
prediction of monsoon is not fully understood. This is because 
the spatial and temporal variation of aerosols is complex and 
not well documented and the radiative properties of dust, 
sulphate aerosols and soot are not well known. According to 
the land-sea contrast theory, the impact of aerosols is to cool 
the land surface and hence weaken the monsoon. This 
explanation is not appropriate when absorbing aerosols are 
present. These aerosols heat the atmosphere and cool the 
surface. Absorbing aerosols reduces the albedo of the earth-
atmosphere system and hence increases the net radiation at 
the top of the atmosphere. The simulation of monsoon by 
atmospheric general circulation models indicate that the 
presence of soot will enhance the monsoon locally. The 
heating of the atmosphere by soot over India can induce 
reduction of monsoon rainfall in other regions of the world 
through changes in large-scale circulation. 

3. Future prospects 
The major paradigm for understanding the monsoon 
phenomenon has been the concept of land-sea contrast in 
surface temperature proposed by Halley in 1686. This 
paradigm has several fundamental flaws as highlighted by 
Gadgil (2018).  An alternative paradigm based on the 
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energetics of the atmosphere was proposed by Neelin and 
Held (1987). This approach considers the energy and 
moisture budget of an atmospheric column in the tropics. 
This approach shows that the moisture convergence over 
land (i.e., precipitation minus evaporation) is directly 
proportional to net radiative energy incident at the top of the 
atmosphere and inversely proportional to gross moist 
stability. The gross moist stability is a measure of the fraction 
of moist static energy exported out of the column per unit 
moisture imported into the column. According to the Neelin 
and Held (1987) hypothesis, the mass that can converge in 
the inter-tropical convergence zone (ITCZ) is constrained by 
the amount of energy available.  During the summer boreal 
monsoon season the net radiation at the top of the 
atmosphere in Africa (north of 20° N) is small or negative and 
hence the ITCZ in Africa does not extend as far north as it does 
over India. Srinivasan (2001) has shown that a diagnostic 
model based on this hypothesis can simulate the seasonal 
variation of rainfall quite well. This paradigm has been used 
by Jalihal et al. (2019) to develop a diagnostic model that 
accounts for the centennial scale variation of the Indian 
summer monsoon simulated by a coupled ocean-atmosphere 
model during the past 22,000 years. This model demonstrates 
why the response of the monsoon to changes in incident solar 
radiation is different over land and ocean (Jalihal et al., 2020). 
The monsoon rainfall over land is linearly proportional to the 
net radiation incident at the top of the atmosphere while the 
rainfall over ocean is strongly dependent on the transfer of 
latent heat from the surface ocean to the atmosphere. This 
alternative paradigm can be expected to help to improve the 
forecast of the monsoon on a seasonal scale. 

One can expect a steady improvement in the short term and 
medium term forecast of rainfall in the next decade on 
account of the use of ocean-atmosphere coupled general 
circulation models with spatial resolution around 1 km (Wedi 
et al., 2020). At this resolution the use of convection 
parametrization can be avoided.  The assimilation of more 
data from satellites will reduce the error in the initial 
conditions. These models will demand the use of exa-scale 
(1018 floating operations per second) computing resources. 
There may be a need for developing better heuristic models 
to predict the 10-15 day and 30-60 day modes of rainfall 
variability. 

In the past, an understanding of monsoon variability was 
limited by the fact that we did not have data on monsoon 
rainfall for more than 150 years. In recent years, the 
variability of the monsoon during the past 100,000 years has 
been inferred from proxy data. The variations in monsoon 
obtained from proxy data has been compared with simulation 
by climate models. This comparison has enriched our 
understanding of the various modes of monsoon variability 
and their linkage to global circulation anomalies. The insight 
obtained from these studies will be important to understand 
how monsoon will vary in the next hundred years on account 
of both natural variability and those induced by human 
actions. The increase in extreme rainfall events, during the 
past fifty years, has highlighted the need for more accurate 
forecast of these events in the future. 

Wang et al. (2015) have shown that the poor skill in seasonal 
forecasting is related to the inability to forecast the extremes 
in seasonal mean rainfall during the period 1989-2012.  They 
argue that global warming has altered the parameters that 
influence the Indian monsoon. Many processes in the 
monsoon system are non-linear and hence exhibit threshold 
behavior. Hence one can expect that in the future there will 
be a greater use of Artificial intelligence (AI) and machine 
learning in monsoon research. In a recent paper, Ham et al. 
(2019) have shown that deep learning techniques can be used 
to forecast ENSO two years ahead. The use of deep learning 
techniques will be effective if a large amount of data can be 
used to train the system. Ham et al. (2019) used the data from 
the Coupled Model Inter-comparison Project Phase 5 (CMIP5) 
to train the convolutional neural network (CNN). They argue 
that CNNs would be appropriate to reveal the links between 
three-dimensional predictor fields and the predictand index. 
A similar approach must be taken up for the prediction of 
monsoon rainfall. Li and Wang (2016) have advocated the use 
of physics based empirical models. They have shown that the 
temporal correlation skills of such models are more than 
twice that of dynamical models. The coupled ocean-
atmosphere general circulation models tend to have a wet 
bias over the ocean and dry bias over land. The reduction of 
these biases will improve the skill of their prediction of 
rainfall. Recent work by Jalihal et al. (2020) has shown that 
the variability of the rainfall over ocean is influenced by the 
variability in the surface latent heat flux. A reduction of the 
bias over the ocean will have an impact on the accuracy of the 
prediction of rainfall over land. Hence there is a need for 
improvement in accuracy of prediction of latent heat fluxes 
by coupled ocean-atmosphere models. Palmer and Stevens 
(2019) have highlighted the need for bold new approaches to 
tackle the prediction of climate change on regional scales. 
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1. Introduction 
Monsoons dictate life in the Indian region including its 
economy. While the economy in recent years has been 
ΨƳƻƴǎƻƻƴ ǇǊƻƻŦŜŘΩ ǘƻ ŀ ƭŀǊƎŜ ŜȄǘŜƴǘΣ ŀ ǿŜŀƪ Ƴƻƴǎƻƻƴ Ŏŀƴ 
still impact the economy significantly. While famines are a 
thing of the past, droughts certainly can put pressure on the 
economy. It is not just the occurrence of a drought but lack of 
prior information regarding its occurrence that has led to 
economic problems for India. A good prediction of the 
monsoon is essential for the government to take appropriate 
measures well in advance so that the effects of a drought can 
be mitigated to a large extent. Also, the occurrence of a good 
rainfall, if predicted at a significant lead, can have immense 
benefits for all sections of the public. A good seasonal 
forecast can gear up the government machinery to take 
appropriate action. Reservoirs can be operated optimally, and 
water released for irrigation if accurate forecasts are available 
on intraseasonal (10-30 day) scale. A good intraseasonal 
forecast can also be useful to farmers for the agricultural 
operations. Accurate short-range forecasts can be of 
immense benefit to many users including disaster 
management authorities and the general public.  

Major droughts of the early 21st century (2002 and 2004) 
were a wake-up call for serious action. After much thought 
and discussions, it was decided that a mission-mode project 
with definite deliverables was immediately required to 
improve monsoon forecasts at all time scales.  

2. The Monsoon Mission Initiative 
Monsoon Mission (MM) is a targeted activity taken up by the 
Ministry of Earth Sciences (MoES), Government of India, to 
improve monsoon weather and climate forecasts over India 
and increase its use in the decision-making process of 
weather and climate sensitive sectors such as agriculture, 
water, health, energy etc. Four research and operational 
centers of MoES (Indian Institute of Tropical Meteorology 
(IITM), National Centre for Medium-Range Weather Forecast 
(NCMRWF), Indian National Centre for Ocean Information 
and Services (INCOIS) and India Meteorological Department 
(IMD)) have actively participated in this initiative. The MM 
was launched in 2012 with the following objectives: 

¶ To build a working partnership between the Academic and 
Research & Development Organizations (both national 
and international) and the MoES to improve the monsoon 
forecast skill over the country;  

¶ To setup the state-of-the-art dynamical modelling 
framework for improving prediction skill of (a) Seasonal 
and Extended range predictions and (b) Short and 
Medium range (up to two weeks) prediction. 

 

https://doi.org/10.1007/s00024-020-02503-2
https://doi.org/10.1038/ncomms8154
https://doi.org/10.1029/2020MS002192
http://dx.doi.org/10.1098/rsif.2013.1162
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Prior to the launch of the MM, monsoon seasonal forecasts 
were based mainly on statistical models and short-range 
forecasts were based on coarse resolution atmospheric 
models. There was no system for the extended range 
forecasts ς a huge gap. The modelling activities, including 
those in the research domain, were based on a variety of 
stand-alone models.  Also, there was no High-Performance 
Computer (HPC) that could be used on a dedicated basis for 
model development and operational purposes to satisfy the 
requirements of forecasts at all time scales.  A comprehensive 
review of the MM is available in Rao et al. (2019).  

The MM is being executed in a phase-wise manner, each 
phase with an overarching and measurable scientific goal in 
advancing monsoon knowledge and practice; the first phase 
(MM-I) was implemented during 2012-2017 and the second 
phase (MM-II, 2017-2021) is currently in progress. In addition 
to the involvement of the above four organizations from 
MoES, participation opportunities have been extended to 
several other research and operational institutions worldwide 
by inviting proposals to work on the overall improvement of 
the skill of the models of interest to MoES (viz., Climate 
Forecast System (CFS)/Global Forecasting System (GFS) 
models of the National Centres for Environmental Prediction 
(NCEP), USA and UK Met Office models).  MoES funded 30 
research proposals in MM-I and 20 research proposals in 
MM-II. The major focus of MM-I was on setting up a 
dynamical modelling framework with reasonable skill for 
weather and climate forecasts. The focus of MM-II is on 
applications of these forecasts to different user sectors (e.g., 
agriculture, hydrology, wind/solar power, etc.) in addition to 
improving prediction of weather/climate extremes. 

3. Implementation of Monsoon Mission 
The MM is quite unique because for the first time, Govern-
ment of India supported extra-mural funding for research 

entities from abroad. The overarching idea has been to glob-
ally tap the best of talent to improve monsoon predictions.  

The administrative structure of MM consisted of (a) Scientific 
Steering Committee (SSC), the apex decision-making body (b) 
MM Directorate and (c) Scientific Review and Monitoring 
Committee (SRMC).  

The reach-out to global talent was through an open call for 
proposals which was well-publicized both in print and on the 
Internet. Suitable proposals relevant to the objectives of the 
MM, following peer-review and recommendations by the 
SRMC, were approved by the SSC for funding. The country-
wise distribution of the projects funded in in MM-I shown in 
Fig. 1. The same procedure was used for MM-II.  

 

 

 
Fig. 2: Skills in forecasting Indian Summer Monsoon Rainfall (ISMR) with February and May initial conditions (correlation between observed 
ISMR and re-forecasted ISMR) by different models. The models corresponding to the numbers on the category axis are: (1) MMCFS; (2) CFSv2-
T126; (3) CanCM3; (4) CanCM4; (5) CCSM3; (6) CCSM4; (7) GFDL-CM2p1; (8) GFDL-CM2p1a; (9) GFDL-CM2p5_Flora; (10) GFDL-CM2p5_Florb; 
(11) ECHAM4-Anomlay Coupled; (12) ECHAM4 DIRECTLY Coupled; (13) NASA-GMAO; (14) NASA-GMAO06; (15) ECMWF-Sys4; (16) SINTEX-F2. 
Hindcast period for models 1-14 is 1981-2010, while for models 15 and 16 it is 1982-2009 and 1983-2015 respectively. 

 

Fig.1: Distribution of country-wise approved Monsoon Mission-I 
projects. 
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4. Major Highlights of Monsoon Mission First Phase 

¶ Best-in-class seasonal prediction model ς the Monsoon 
Mission Climate Forecast System (MMCFS) (for monsoon 
prediction); 

¶ A major gap in extended-range prediction (ERP) was 
plugged with the development of ERPAS models;  

¶ Highest resolution short-range ensemble prediction 
model for short range forecasts; 

¶ A weakly coupled data assimilation system using Local 
Ensemble Transform Kalman Filter (LETKF); 

¶ A dedicated HPC system for model development at IITM 
(790 Tera Flops) and for operational purposes at 
NCMRWF (350 Tera Flops); 

¶ Capability built-up in house to conduct research on 
various aspects of models e.g., super-parameterization, 
stochastic parameterization, convective parametrization, 
cloud microphysics parameterization, Land Surface 
modelling, etc.; 

¶ NCMRWF Unified Model (NCUM) with versions developed 
for seasonal, extended-range, medium-range and short-
range forecasts, including a regional version developed 
for high-resolution forecasts of air quality etc. over the 
North Indian region (more details in Rao et al., 2020).  

 

Seasonal Prediction of Indian Summer Monsoon 
The model developed under the MM has the highest 
resolution (at ~37.5km), with the best skill for forecasting the 
Indian Summer Monsoon (Fig. 2). This has been 
operationalized by the IMD since the monsoon of 2017. To 
sample the entire input space and to reduce errors due to 
uncertainties in initial conditions, an ensemble prediction 
system is used with 21 members. The ensemble is created by 
using lagged initial conditions.  The forecasts are made 
available on IMD website 
(http://www.imdpune.gov.in/Clim_Pred_LRF_New/Models.h
tml). In addition to rainfall, temperature forecasts etc. climate 
outlooks for the Indian Ocean Dipole Mode Index and El Niño 
are also updated monthly. 

Extended Range Prediction (ERP) 
Prior to 2012, there were no dynamical tools available in the 
country for ERP (beyond 10 days). This was a new effort and 
uses information from both coupled model (CFS) and 
standalone AGCM (GFS) at a variety of resolutions (Fig. 3). 

The GFS is forced with bias-corrected sea surface 
temperatures generated from coupled forecasts. To ensure 
that the entire input space is sampled, ensembles of GFS/CFS 
are used and a multi-model ensemble used to predict the 
conditions at extended range. The skill is comparable to those 
of other centres e.g., European Centre for Medium-Range 
Weather Forecasts (ECMWF) (Fig. 4). This effort is not limited 
to monsoon forecasts and has been extended to 
operationalize the forecasts of heat/cold waves. ERP products 
are now extensively used for many applications like heat 
action plans, water resources management and climate-
sensitive health advisories. 

Short-Range Forecasts  
A high-resolution forecast system based on GFS at T-1574 
(~12km) was developed as part of the MM. However, an 
ensemble version could not be developed in the initial stages 
due to lack of adequate computational facilities. Upon 

 
Fig. 3: Schematic representation of Coupled Grand Ensemble Prediction System (CGEPS) (After Rao et al., 2019). 

 
Fig. 4:  Comparison of correlation skills of IITM CGEPS and ECMWF 
ensemble forecast (CY41R2 version) for the core Monsoon Zone of 
India  (adapted from Rao et al., 2019). 
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upgradation to 4.8 PFlops (Pratyush system at IITM; 
http://pratyush.tropmet.res.in/) towards the conclusion of 
MM-I, the Global Ensemble Forecast System (GEFS) was 
implemented in a record time of six months and 
operationalized by IMD for the monsoon season of 2018. The 
model has been a useful for predicting extreme events such 
as tropical cyclones (e.g., Fig. 5), heat waves and high rainfall 
events etc. The forecast products are now extensively used in 
identifying hotspots of forest fires, forecasting of solar energy 
and wind power etc. 

Other Scientific Achievements  
The interaction with academia and other research institutions 
within the country and abroad has yielded rich dividends. 
Most importantly, the scientists in various MoES organiza-
tions have undertaken independent research in various fields.  
A few examples are given below: 

¶ A weakly coupled data assimilation system based on 
LETKF developed in collaboration with University of Mar-
yland, USA;  

¶ Improvements in cloud-convection parameterization in-
cluding stochastic parameterization, super-parameteriza-
tion and their implementation in CFS;   

¶ Improvements in land surface processes; 

¶ Coupling of hydrology/river routing model to CFS to rep-
resent realistic freshwater flux to the Ocean.  

 

Identification of Gaps 
The first phase was quite successful in developing an opera-
tional forecast system across all time scales. It also helped in 
identification of gap areas, particularly related to: 

¶ Model numerics and dynamics; 

¶ Application of forecasts for various societal applications; 

¶ Better representation of monsoon teleconnections;  

¶ Simulating and predicting extreme events across scales. 
 

 

 
5. Monsoon Mission Second Phase 
The success of MM-I enthused the Government of India to 
embark on the second phase of this ambitious programme. 
Based on the gaps identified, it was decided that in addition 
to further development of models at various scales, 
importance needed to be given to application of downstream 
models that could use forecasts effectively. Emphasis in this 
phase has been on agriculture, hydrology and non-
conventional energy sectors. Additionally, focus has also 
been laid on improving model dynamics and numerics for 
CFS.  

In the field of agriculture, interaction is now going on with 
organizations such as the Indian Council for Agricultural 
Research (ICAR) and the International Crops Research 
Institute for the Semi-Arid Tropics (ICRISAT) on possible uses 
of climate data and forecasts for various crops (peanuts, 
soybean and pigeon pea etc.). In non-conventional energy 
sector, collaboration has been initiated with institutes like 
Imperial College, UK for applications in wind power, solar 
energy etc. Experimental products are now generated for 
private industries in the energy sector. Collaboration also has 
been initiated in the area of model numerics and dynamics 
with the Indian Institute of Technology (IIT) Kanpur and 
University of Tokyo, Japan. A dynamical core based on 
icosahedral technique is to be developed under this 
collaboration. In-house developmental activities have also 
been initiated on new dynamical cores based on cubic 
octahedral spectral techniques. These will be implemented in 
GFS/CFS. 

Another major area that needed further research is on 
teleconnections affecting the Indian monsoon. Most models 
have a stronger-than-observed linkage to ENSO while the 
linkage with Indian Ocean is weak or non-existent. CFS also 
has similar issues and MM-II has a special focus for research 
to address this. In addition, new areas have also been 
identified for developing models. These include 
thunderstorm forecasting, air quality forecasting using high-
resolution regional models with GFS model output as initial 
and boundary conditions. 

Thunderstorm forecasting: Thunderstorms and associated 
lightning cause large numbers of casualties in India. Hence in-
house development of thunderstorm forecasting systems has 
been initiated at IITM under MM. These are based on 
Weather Research and Forecasting (WRF) and GEFS models. 
These have now been operationalized and the products are 
available at: 
(https://srf.tropmet.res.in/srf/ts_prediction_system/index.p
hp). 

Air Quality Forecasting: Air quality has been a major cause of 
concern especially during winter months in the National 
Capital Region. A high-resolution system which includes 
chemical data assimilation has been developed by IITM in 
collaboration with the National Center for Atmospheric 
Research (NCAR), USA. The forecast is done at a resolution of 
400m, among the highest for such air quality forecasts. 
Chemical data assimilation includes data from satellite and 
ground stations (https://ews.tropmet.res.in/analysis.php).  

 
Fig. 5: GEFS Strike Probability and tracks of Tropical Cyclone Nisarga 
by individual ensemble members of evolving Arabian Sea system 
based on IC 03JUNE 2020 00UTC (Deshpande et al., 2020). 

http://pratyush.tropmet.res.in/
https://srf.tropmet.res.in/srf/ts_prediction_system/index.php
https://srf.tropmet.res.in/srf/ts_prediction_system/index.php
https://ews.tropmet.res.in/analysis.php
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Forecasts for Hydrological Sector: As a downstream product, 
Qualitative Precipitation Forecasts are being generated for 
major river basins of the country using forecasts from GEFS. 
These help in quantifying rainfall at smaller scales that could 
be useful for river basins. 

High Temporal/spatial resolution Rainfall Datasets: Model 
development and validation needs good observational data 
at high spatial and temporal resolution. For this purpose, a 
project is underway to create rainfall datasets (2 km at 10-
min resolution) by blending gauge, radar, satellite and NWP 
data to create a comprehensive high-resolution dataset.  

6. Way Forward 
We have seen that forecasting of weather and climate on a 
wide range of time and space scales has come of age in India 
during the last decade, thanks largely due to the concerted 
ŜŦŦƻǊǘǎ ǳƴŘŜǊ ǘƘŜ aaΦ ¢ƻŘŀȅ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŦƻǊŜŎŀǎǘƛƴƎ 
capabilities are at par with the most advanced in the world. 
However, it is necessary that we do not rest on our laurels but 
continue developing improved models and products that 
could be useful not only for various sectors in India but also 
the other countries of the world, especially in the 
neighborhood of India. To assess the economic impact of 
forecasts, MoES had commissioned a study by the National 
Council of Applied Economic Research (NCAER), which has 
highlighted the dramatic impact of forecasts on two sectors, 
viz., agriculture and fisheries (NCAER, 2020).  The major 
finding of this study is that the economic impact on these two 
sectors is about 50 times the investment made by the 
government on HPC and the MM. About 10 billion Indian 
Rupees (about US$135 million) were invested in MM and 
HPC, and the economic gain over a five-year period is 
estimated to be about 505 billion Indian Rupees (about 
US$6.8 billion). 

It is necessary that a more synergistic approach be 
undertaken for use of sub-components in models across 
scales for optimal utilization of resources. IITM has for this 
purpose come out with a road map for model development 
(IITM, 2020) with emphasis on seamless prediction systems. 
This includes interoperability of models across scales and 
sharing of routines such as cloud convection schemes etc. 
Optimization of resources also requires model codes to be 
highly scalable and to efficiently use the latest technologies in 
HPC. It is proposed that emergent technologies such as 
graphical processing units (GPUs) be exploited for 
economizing on computational and energy resources. 
Research on these issues is at a nascent stage in India and 
needs to be nurtured.  

The prediction models generate huge amounts of data and it 
is humanly almost impossible to analyze these using 
conventional techniques.  Additionally, new techniques such 
as Artificial Intelligence (AI) and Machine Learning (ML) are 
maturing rapidly and could be put to innovative use not just 
for data analytics but also innovating with models and 
products. Latest research is concentrated on (i) embedding 
AI/ML inside models to replace conventional empirical 
computations such as cloud convection parameterization (ii) 
enriching and improving model forecasts offline by reducing 

errors and biases (iii) innovative downstream application 
products using these techniques.  

New satellites are being launched by different countries that 
are dedicated for studying climate and weather. The data 
from these satellites need to be used to improve initial 
conditions for models and also for improving empirical parts 
of the model. Data Assimilation is a key topic for development 
for the future. Experience has shown that ocean-atmospheric 
coupling for conducting data assimilation is a promising way 
forward for improving initial conditions. It is proposed to carry 
forward research on this important topic.  

Last but not the least, India needs more good quality 
scientists and engineers to tackle these problems. 
Forecasting weather and climate is an interdisciplinary field 
which needs meteorologists, oceanographers, computational 
scientists and engineers. While a single individual may not 
have all these diverse skills, it is necessary to have a more all-
encompassing approach for training our future generations.  

In short, it can be said that India has taken impressive strides 
and quantum jump in the field of forecasting weather and 
climate especially in the last decade. However much more 
needs to be done to improve the forecasts on all time scales 
and reduce uncertainties. The momentum gained in the first 
two phases of MM needs to be maintained for India to have 
high-quality forecasts keeping up with the best in the world 
and more importantly to meet the increasing requirements of 
the users in India as well as to support the regional and global 
communities. 
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1. Introduction 
The Monsoon Mission (MM) is a targeted activity taken up by 
the Ministry of Earth Sciences (MoES), Government of India, 
is coordinated by the Indian Institute of Tropical Meteorology 
(IITM), by making calls for proposals, by actively participating 
in developing models for short-, medium-, extended-, and 
long-range forecasts based on Climate Forecast System 
(CFS)/Global Forecasting System (GFS) models of the National 
Centres for Environmental Prediction (NCEP), USA, and by 
setting up the required high-performance computers both at 
IITM and the National Centre for Medium Range Weather 
Forecasting (NCMRWF). NCMRWF has carried out work on 
the implementation of the UK Met Office (UKMO) based 
seamless Unified Model (UM) for making forecasts at all time 
scales and has also been involved in preparing initial 
atmospheric conditions based on GFS modelling framework 
and UKMO framework. The Indian National Centre for Ocean 
Information and Services (INCOIS) is actively engaged in 
making ocean initial conditions based on the Global Ocean 
Data Assimilation System (GODAS) for extended- and long-
range forecasts. NCMRWF implemented a NEMO (Nucleus for 
European Modelling of the Ocean) based global ocean Data 
assimilation system. IMD implemented all the developmental 
activities of IITM for their operational services by taking 
atmospheric initial conditions (ICs) from NCMRWF and 
oceanic ICs from INCOIS and by taking guidance of NCMRWF 
model forecasts based on UM modelling system. MM was 
executed in 2 phases (MM-I, 2012-2017 and MM-II 2017-
2021) and this article briefly outlines the significant 
achievements of both the phases. Details of the 
achievements of MM-I were already reported by Rao et al. 
(2019). 

2. Major Achievements 
(i) Human Capital: A strong working partnership is 

established between MoES institutes and several 
research institutes worldwide (30 in MM-I and 21 in MM-
II) to work on Indian monsoon related problems and to 
develop models adopted by MoES institutes. MM 
program resulted in publication of around 300 research 
papers, about 22 students awarded Ph.Ds (7 submitted), 

and 10 MoES scientists were trained abroad on various 
techniques of dynamical modelling. All this has been 
achieved with an investment of 12 million US$ in MM-I 
and 5 million US$ in MM-II, excluding the cost of high-
performance computers.  

 
(ii) Development of dynamical models 

(a) Seasonal Prediction model: Best seasonal prediction 
model (MMCFS) for Indian Summer Monsoon Rainfall 
(ISMR) was developed with a skill which was never 
achieved earlier by dynamical models. The model 
captured almost all droughts (Ramu et al., 2016) that 
occurred during the hindcast period (1982-2009). 

 
(b) Extended Range Prediction (ERP) model: A Coupled 
Grand Ensemble Prediction System (CGEPS; for details, 
see Nanjundiah and Rao, 2020) model for predicting 
active-break cycles in extended range time scales was 
developed for the first time in India with skills 
comparable to ENS ECMWF (Chattopadhyay et al., 2018). 
Pattanaik et al. (2020) have shown that the operational 

 
Fig. 1: Taylor diagram showing the skill and SD of ISMR (rainfall av-
eraged over land points for the models (Source: Pillai et al., 2018). 

 
Fig.2: Comparison of correlation skills of IITM CGEPS and ECMWF 
ensemble forecast (CY41R2 version) for the four homogeneous re-
gions of India (MZI: Monsoon Zone of India, NEI: North East of India, 
NWI: Northwest of India, SPI: Southern Peninsular India). Skill score 
is based on 11 members from each of ECMF ENS and IITM MME 
(Source: Chattopadhyay et al., 2018). 
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extended-range forecast has good fidelity in predicting 
the active-break-active transitions of the monsoon 
during 2017 and 2018 and the forecast of all-India and 
central India rainfall during the active-break-active 
transition phases of the monsoon are very well captured 
with a lead time of 2-3 weeks. 

(c) Short- and Medium-range weather forecasts: A very 
high resolution (~12.5 km), deterministic 
(Mukhopadhyay et al., 2019) and probabilistic 
forecasting system with 21 members for short- and 
medium-range (up to 10 days) forecast has been set up 
at IITM/IMD to make operational weather forecasts. 
During the MM period, a gain of 2 days lead time is 
achieved (Fig.3); the threshold skill of 0.225 Peirce skill 
score is obtained with high-resolution deterministic 
models (T1534) at 5-day lead which coincides with 3-day 
lead skill score with low-resolution model (T574). 

(d) Seamless modelling framework: NCMRWF 
implemented UM based seamless modelling framework 
having components as (a) UM atmosphere (b) NEMO 
ocean (c) CICE sea-ice model and (d) JULES land-surface 
model. A NEMO based global ocean data assimilation 
was also implemented to initialize the ocean component 
of the coupled model. The coupled modelling system 
started producing real-time extended range forecasts 
(multi-week) up to four weeks from the monsoon 2018 
season on an experimental basis. The atmosphere and 
land components of the models were initialized with the 
respective assimilation systems.  The model could 
capture the dry/wet spells of monsoon realistically. Fig. 4 
shows examples of wet and dry spells during monsoon 
2019 captured well by the coupled model. 

 

(iii) New insights into monsoon weather and climate predic-
tions 
(a) Bias corrected method for ensemble creation: The 
coupled model sea surface temperatures (SSTs) suffer 
from strong SST biases and Abhilash et al. (2015) have 
developed a novel approach of including SST bias-
corrected ensembles from a standalone atmospheric 
model Global Forecasting System of NCEP (GFS) in 
CGEPS.  Standalone model is forced with daily bias-
corrected forecast SSTs from CFSv2. This approach 
resulted in better prediction skills of extended range 

 
Fig.3: Forecast skill (Peirce skill score) for different rainfall thresh-
old values for day 1, day 3, and day 5 forecast of GFS system of 
MM for different resolutions (T1534 and T574) (Source: Rao et 
al., 2019). 

(a) 

(b) 

 
Fig. 4: Multi-week forecast validation of rainfall anomalies for ERP of (a) an active (wet) monsoon period (2-8 August 2019) and 
(b) a break (dry) monsoon period (12-18 July 2019). 


